Studies of frailty among patients on hemodialysis have relied on definitions that substitute self-reported functioning for measures of physical performance and omit weight loss or substitute alternate criteria. We examined the association between body composition and a definition of frailty that includes measured physical performance and weight loss in a cross-sectional analysis of 638 adult patients receiving maintenance hemodialysis at 14 centers. Frailty was defined as having three of following characteristics: weight loss, weakness, exhaustion, low physical activity, and slow gait speed. We performed logistic regression with body mass index (BMI) and bioelectrical impedance spectroscopy (BIS)-derived estimates of intracellular water (ICW), fat mass, and extracellular water (ECW) as the main predictors, and age, sex, race, and comorbidity as covariates. Overall, 30% of participants were frail. Older age (odds ratio [OR], 1.31 per 10 years; 95% confidence interval [95% CI], 1.14 to 1.50), diabetes (OR, 1.65; 95% CI, 1.13 to 2.40), higher fat mass (OR, 1.18; 95% CI, 1.02 to 1.37), and higher ECW (OR, 1.33; 95% CI, 1.20 to 1.47) associated with higher odds of frailty. Higher ICW associated with lower odds of frailty (OR, 0.80 per kg; 95% CI, 0.73 to 0.87). The addition of BMI data did not change the area under the receiver operating characteristics curve (AUC; AUC=0.66 versus 0.66; P=0.71), but the addition of BIS data did change the AUC (AUC=0.72; P,0.001). Thus, individual components of body composition but not BMI associate strongly with frailty in this cohort of patients receiving hemodialysis.
composition, because the body weight component could reflect adipose tissue or intracellular (muscle) or extracellular (edema) water. The most commonly used definition of frailty, which includes direct measures of gait speed and grip strength (rather than self-reported functioning) as well as weight loss, exhaustion, and level of physical activity, 2 has only recently been applied in an ESRD population, 10 and the association between frailty and body composition has not been examined systematically in this population. 11 In this investigation, we sought to determine the extent to which body composition was associated with frailty in a prevalent hemodialysis cohort. We hypothesized that intracellular water (ICW) estimated by bioelectrical impedance spectroscopy (BIS) would be inversely associated and fat mass would be directly associated with frailty in a cohort of prevalent dialysis patients but that BMI would not be associated.
RESULTS

Of a total of 778 patients enrolled in A Cohort Study to
Investigate the Value of Exercise/Analyses Designed to Investigate the Paradox of Obesity and Survival in ESRD (ACTIVE/ADIPOSE), 762 (92.5%) patients provided all of the information necessary to determine frailty status, and 638 (82%) patients also had body composition data available. The average age of participants in the analyzed cohort was 56.8 (14. 3) years; 42% of participants were women, 60.3% of participants were black, and 44.8% of participants had diabetes mellitus. Compared with patients without complete data, the cohort with available body composition data had a lower burden of comorbidity and frailty but did not differ significantly based on BMI, sex, or racial distribution from those patients missing body composition data (Table 2) . Overall, 190 (30%) patients in the analysis cohort were frail.
Older participants and those participants with diabetes mellitus were more likely to be frail in multivariable logistic regression analysis without accounting for body composition (Table 3 ). Sex and race were not statistically significantly associated with frailty. BMI was not significantly associated with odds of frailty when added to the base model as a continuous (odds ratio [OR], 1.02 per kg/m 2 ; 95% confidence interval [95% CI], 0.99 to 1.05) or categorical (P=0.66) variable; moreover, the addition of BMI into the model did not materially change the magnitude of association among other covariates with frailty. In contrast, when data from BIS were added to the base model, higher ICW, a proxy for muscle mass, was associated with lower odds of frailty (OR, 0.80 per kg; 95% CI, 0.73 to 0.87), and fat mass was associated with higher odds of frailty (OR, 1.18 per 10 kg; 95% CI, 1.02 to 1.37). After adjusting for body fat and ICW, higher extracellular water (ECW) was also associated with higher odds of frailty (OR, 1.33; 95% CI, 1.20 to 1.47). In multivariable analyses accounting for body composition, the association of age with frailty was attenuated (OR, 1.16; 95% CI, 1.00 to 1.34), and the association between sex and frailty was magnified (OR, 2.10 for women; 95% CI, 1.35 to 3.70), suggesting the possibilities that the age-frailty association might be explained, in part, by altered body composition with aging and that, after accounting for body composition, frailty was more common among women than men. The associations between body composition and frailty did not differ based on sex (all interaction terms P.0.05).
The concordance (c) statistic (area under the receiver operating characteristics [ROC] curve) for predicting frailty for the base model was 0.66 (95% CI, 0.61 to 0.70) (Figure 1 , Table 4 ). Adding BMI to the model (as a continuous or categorical variable) did not effectively increase the c statistic. However, adding ICW, ECW, and body fat to the model significantly improved model discrimination (c statistic=0.72; 95% CI, 0.67 to 0.76; P,0.001 compared with model 1).
When we examined the individual components of frailty (Table 5) , we found that study participants were least likely to meet the slow walking speed criterion (26%) and most likely to meet the weak grip strength criterion (53%). Higher BMI was associated with slow walking and weak grip strength. There was also a potential association with weight loss, although it did not reach statistical significance (P=0.06). In contrast, measures of body composition using BIS were associated with multiple components of frailty when included simultaneously in a multiple predictor model. Higher ICW, a marker for muscle mass, was associated with lower odds of weight loss, weakness, low physical activity, and slow walking speed. Higher ECW was associated with higher odds of weight loss, weakness, low physical activity, and slow walking speed. Higher fat mass was associated with higher odds of weakness and slow walking speed. None of the body composition variables were significantly associated with exhaustion.
DISCUSSION
We found that 30% of this prevalent hemodialysis cohort met the classic definition of frailty based on slow gait speed, weak grip strength, low physical activity, exhaustion, and weight loss. Despite the weight loss criterion, BMI was not statistically significantly associated with frailty in this population. However, lower ICW, higher fat mass, and higher ECW were all associated with frailty.
The inverse association between ICW, a marker of muscle mass, and frailty that we observed is expected given that weakness and slowed performance are central features of the syndrome. Indeed, when we examined the individual components of the frailty syndrome, high ICW was associated most strongly with physical performance (grip strength and walking time).
A direct association between fat mass and frailty is also biologically plausible. Low physical activity is a risk factor for weight gain and obesity. Furthermore, muscle atrophy and low physical activity lead to a lower metabolic rate, further exacerbating the tendency for energy intake to exceed caloric needs among sedentary individuals. There are other possible reasons for higher fat mass to be associated with frailty as well. Adipose tissue can itself produce proinflammatory cytokines and adipokines, which can contribute to muscle wasting. Other hormonal disturbances related to adiposity may contribute to the development of frailty as well. Insulin resistance in obese individuals may promote muscle catabolism, because insulin is an important anabolic signal in muscle. Increased adiposity is also often associated with decreased growth hormone, IGF-1, and testosterone, all of which may contribute to muscle wasting and weakness. 12 The strong association of adiposity with poor physical performance would support a possible role for these hormonal derangements. The directionally opposite associations between ICW and frailty and fat mass and frailty underscore the lack of association between BMI and frailty and highlight why measuring or estimating more specific metrics of body composition may be useful in epidemiologic analyses and clinical trials in chronic disease. The association of higher fat mass with higher odds of frailty is difficult to reconcile with the better survival associated with higher fat mass in dialysis patients. [13] [14] [15] It is possible that additional fat stores are protective against the catabolism and inflammation that have been associated with ESRD. When individuals are subjected to the stressors associated with ESRD, the protective effect of fat stores may outweigh the adverse effects of high fat mass on survival, including worse physical functioning and frailty. It is also possible that differences in the methods of estimating fat mass could account for some or all of the discrepancy between associations with frailty in our study and survival in other cohorts. Studies relating fat mass to survival have generally relied on BMI, 13,14 triceps skin fold thickness, 15 or other indirect estimates. 13 However, BISderived estimates of fat mass correlate closely with fat mass measured by dual-energy x-ray absorptiometry, 16 and bioelectrical impedance-based methods are superior to skin fold thickness. 17 The association between high ECW and frailty may also be caused by a combination of multiple factors. First, high ECW was associated with weight loss, which could be a result of delayed or inadequate adjustment of dry weight resulting in ECWexpansion and tissue loss in the setting of a stable or near stable target weight. Second, the association of ECW with the physical performance components of frailty suggests that overhydration could lead to worse physical function. A recent study of 24 patients receiving dialysis in Norway showed that overhydration assessed by BIS was associated with lower selfreported physical function. 18 Although the difference in self-reported physical function among overhydrated and euvolemic patients did not reach statistical significance in that study and self-reported function is not analogous to metrics of physical performance (such as those metrics that we measured), their results are certainly consistent with our results. Possible explanations for this observation include limitations in physical activity and aerobic capacity in the setting of volume Expansion of ECW could also be a more direct effect of frailty in that impaired cardiovascular or neuroendocrine reserve could lead to poor refilling of the vascular compartment and difficulty in removing fluid during dialysis. Our findings also suggest that estimates of body composition may be more informative than body weight or BMI, particularly when we are interested in physical function or performance rather than nutritional status per se. It is well known that indices that rely solely on height and weight cannot determine the relative amounts of fat and muscle. This shortcoming is particularly important in the ESRD population (and other populations with chronic disease) because of the high likelihood that body composition is altered from what is typically observed in healthy populations. Excess energy intake in the setting of physical inactivity, low-grade inflammation, insulin resistance, and other changes in the hormonal milieu, all of which are common among patients with ESRD, may lead to the loss of muscle mass, even in the setting of excess adiposity or obesity. 12 Furthermore, excess extracellular fluid volume among patients with ESRD can lead to a sort of falsely elevated BMI in the sense that the extra weight is not associated with muscle or fat. Nevertheless, it is a reasonable expectation that most patients on dialysis with higher BMI will have more fat than those patients with lower BMI, and therefore, BMI operates relatively well as a gross indicator of nutritional status. However, we have shown that, in the dialysis population, fat mass and muscle mass exhibit distinct associations with frailty. In other words, BMI is less powerful than estimated muscle and fat contributions for distinguishing robust from frail individuals. The 30% prevalence of frailty in this cohort was more than 4-fold higher than the 7% prevalence in the cohort of community-dwelling elders in which this frailty score was developed, although our patients were considerably younger on average. 2 Previous studies of frailty among patients with ESRD were undertaken in incident patients, relied on selfreported functioning (Table 1) , and found a higher prevalence of frailty. 6, 7 It is likely that the differences in prevalence are related to differences in the population as well as important differences in measured rather than self-reported proxies for the physical performance components of the frailty definition. It is possible that patients report difficulty with physical function before their performance deteriorates enough to meet the frailty criterion by objective measures, leading to a higher estimate of the prevalence using self-reported function. In addition, there may be a survivor bias in our prevalent patient sample. Because frailty is associated with higher mortality, 6 those patients who survive may be less frail. Indeed, a report from a recent single-center study of prevalent hemodialysis patients designated a similar percentage of individuals as frail (41.8%) using the same scoring system as used in our study. 10 Our study has several strengths. We assembled a relatively large and diverse cohort of prevalent dialysis patients on dialysis from two regions of the country and measured physical performance and body composition under standardized conditions in close temporal proximity (usually on the same day). Estimation of body composition using BIS allowed us to separately examine the associations of muscle mass (ICW), tissue edema (extravascular water), and fat mass with frailty. Using trained personnel, we measured physical performance objectively rather than relying on self-reported physical functioning, which we and others have used in previous studies. 6, 7, 19 Finally, comparing ROC curves, we showed that, using BIS-derived metrics of body composition, one could distinguish frail from nonfrail patients significantly better than with demographic characteristics with or without BMI.
However, some important limitations should be acknowledged. First, the association between frailty and body composition does not imply causality in either direction. For example, we could not determine whether large body size limited physical activity or whether limited physical activity led to weight gain. In addition, because weight and body composition were determined at study initiation and we had no prior measurements, we cannot determine whether frail patients had lost muscle mass during earlier stages of CKD or earlier in their dialysis treatment. The cross-sectional nature of the study further limits causal inference. A longitudinal study might be more informative, because one could compare the timing of various changes in body composition with the development of frailty. Second, we did not examine the extent to which associations between body composition and frailty might be mediated by differences in hemoglobin or inflammation, and we did not assess other ways of estimating body composition, such as waist-to-hip ratio. Third, although multifrequency BIS may offer advantages over single-frequency bioelectrical impedance analysis, which are principally related to the ability to better distinguish ICW and ECW, some error in estimating body composition and fluid distribution clearly remains. [20] [21] [22] Furthermore, the hydration of fat mass was assumed to be 0.73%, which could lead to some overestimation of fat mass in individuals with an expanded ECW. 22 In conclusion, our data show the high prevalence of frailty in the hemodialysis population and in particular, the poor performance of BMI as an indicator of frailty among patients on hemodialysis. We highlight the associations among variations in body composition and the odds of frailty. Whereas available evidence suggests that higher adiposity and lean body mass are both associated with better survival in dialysis patients, 15 our data suggest that these components of body composition exert opposite effects on physical functioning and frailty. Longitudinal data are needed to determine whether changes in body composition are more strongly associated with physical performance and frailty than crosssectional measures and whether efforts to preserve or correct unfavorable alterations in body composition might reduce the likelihood of frailty and its attendant complications.
CONCISE METHODS
Study Design and Participants
ACTIVE/ADIPOSE enrolled prevalent adult patients receiving maintenance hemodialysis in seven centers in the San Francisco Bay Area and seven centers in the Atlanta, Georgia metropolitan area during 2009-2011. 23 Eligible participants were over 18 years of age, Englishor Spanish-speaking, on dialysis for at least 3 months, and able to provide informed consent. Patients provided written informed consent for study participation, and the study was approved by the University of California at San Francisco Committee on Human Research and the Emory University Institutional Review Board. Study coordinators conducted an interview with participants, measured physical performance (grip strength and walk speed) and body composition (BIS), and abstracted recent clinical and laboratory data from medical records. Patients' data were also linked to data from the ESRD Medical Evidence Report (Centers for Medicare & Medicaid Services Form 2728) available in the US Renal Data System.
Body Composition
Study coordinators measured height using a stadiometer and recorded postdialysis weight from the last three dialysis sessions in kilograms. BMIwas calculated as the average postdialysis weight divided by height in meters squared.
Whole-body BIS was performed before a dialysis session using a device that scans 256 frequencies between 4 and 1000 kHz (SFB7; ImpediMed, San Diego, CA). Patients were placed in a supine position at least 10 minutes before measurement. Electrodes were placed in a tetrapolar configuration using the hand and foot on the side opposite the dialysis access with proximal and distal electrodes 5 cm apart. Ten consecutive measures were performed within a 1-minute period. Total body water was estimated using the resistance extrapolated to infinite frequency, and total body fat mass was calculated by subtracting total body water divided by 0.73 from body weight. 22, 24 ECW was estimated from resistance extrapolated to zero frequency.
Frailty
We ascertained frailty based on a validated scoring system that incorporates five domains: shrinking, weakness, exhaustion, low physical activity, and slow walking speed. 2, 25 Each domain was given a dichotomous score of zero or one based on the following five criteria.
1. Weight loss, referred to in the original description of frailty as shrinking, was defined as unintentional weight loss of $10 lb (4.5 kg) in the last 1 year. Patients were asked the following question: "In the past 12 months, have you lost more than 10 lb unintentionally (i.e., not due to dieting or exercise)?" 2. Weakness was based on measurement of hand grip strength by a handheld dynamometer (Jamar; Lafayette Instrument, Lafayette, IN) immediately before a dialysis session. Patients performed three tests of maximum grip strength with each hand, and the mean of the strongest hand was used to determine frailty. The strength measurement was adjusted by sex and BMI (Supplemental Table 1 ).
3. Exhaustion was measured by responses to questions about endurance and energy from the Center for Epidemiologic Studies depression scale. 26 4. Low physical activity was ascertained from the short version of the Minnesota Leisure Time Physical Activity Questionnaire, which asks about the frequency and duration of various activities over a 2-week time period. 27 5. Slow walking speed was scored based on the time to walk 15 ft.
Patients were asked to walk 15 ft at their usual pace two times immediately before a dialysis session. Times were measured to the nearest tenth of 1 second, and the faster of the two walking trials was used (Supplemental Table 1 ).
A score of three or more points was considered frail. 
Statistical Analyses
Patient characteristics were described using mean (SD) or median (interquartile range) and proportions for categorical variables. Characteristics of patients included in the analysis were compared with characteristics of those patients with missing frailty or body composition data using t, Wilcoxon ranked sum, or chi-squared tests as appropriate. We performed multiple predictor logistic regression analyses to determine factors associated with frailty. We examined a base model that included age, sex, race, diabetes mellitus, congestive heart failure, and coronary artery disease (model 1). We then added BMI (model 2) or body composition variables estimated by BIS, including body fat, ICW, and ECW (model 3). BMI was implemented as a predictor using two different specifications as (1) a continuous variable and (2) categories (,20, 20 to ,25, 25 to ,30, and $30 kg/m 2 ) to determine whether there was a nonlinear (and possibly nonmonotonic) relationship between BMI and odds of frailty. We assessed the association of body composition with frailty through logistic regression modeling and tested whether body composition estimated by BIS was more closely related to frailty than BMI by comparing the associated c statistics corresponding to areas under the ROC curves of the models. We tested for interactions between women and frailty in adjusted models. We also used logistic regression to assess the association of body composition with the individual components of the frailty score and adjusted for the same covariates as in the frailty models. We used SAS version 9.2 (SAS Institute, Cary, NC) for all analyses, and two-tailed nominal P values ,0.05 were considered to indicate statistical significance.
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